Introduction
A myriad of syndromes are characterised by substantial localised or asymmetric tissue overgrowth. Pre-eminent among these is the Proteus syndrome (PS) (MIM176920), a rare disorder characterised by postnatal overgrowth of multiple tissues derived from different cell lineages. 1 -3 The main diagnostic criteria for PS are that it is sporadic, mosaic and follows a progressive course. 3 Several other overgrowth syndromes have overlapping features with PS, such as Klippel -Trenauney -Syndrome (KTS) (MIM149000), characterised by large cutaneous hemangiomata with hypertrophy of the related bones and soft tissues. Enlargement of limbs on one side of the body defines the syndrome of hemihypertrophy or hemihyperplasia (MIM235000). Overgrowth may, however, be more limited involving a single limb -simple hemihyperplasia, or overgrowth of one side of the face -hemifacial hyperplasia (MIM133900).
A common feature of all these disorders is that tissue overgrowth is asymmetric but paradoxically involves more than one cell lineage. This raises a number of questions about the nature of the molecular insult underpinning such disorders. In the case of PS at least, the hypothesis has been proposed that it is caused by a postzygotic somatic mutation, in a gene that is lethal in the nonmosaic state. 4 Here we review the experimental data relating to cell, organ and tissue overgrowth, relate this to human overgrowth diseases and propose that PI3-kinase dysfunction is likely to be a common theme in this class of disorders.
Role of PI3-kinase in control of tissue growth
Apart from selectively bred species such as dogs, animals of the same species tend to be the same size. Within a species, organ and limb size are also fairly constant. Evidence from animal experiments supports the hypothesis of a 'Total Mass Checkpoint' -a mechanism for detecting and regulating organ size accordingly. 5, 6 Tissue overgrowth represents a breakdown in the checkpoint mechanism underpinning control of overall size. This is a consequence of dysfunction in one or more processes -apoptosis, cellular proliferation and cell growth. In order for cells to grow (increase in mass), they must synthesise various macromolecules such as the structural components of the cell. This requires an increase in the translational apparatus including ribosomes and translation factors necessary for protein synthesis. The mRNAs that encode these are characterised by an oligopyrimidine tract at their 5 0 translational start site (5 0 TOP mRNAs). The translation of 5 0 TOP mRNAs is regulated by 40S ribosomal protein S6 kinase(s) (S6K). 7 In the absence of stimulation S6K is inactive. The activity of the kinase is regulated in response to both nutrient availability and insulin/insulinlike growth factor (IGF) signalling. 7 Recent studies have shown that the link between the insulin/IGF signallingpathway and the growth of cells is through PI3-kinase ( Figure 1 ). 8 -12 Insulin receptor stimulation leads to an increase in PI3-kinase activity thereby generating PIP3, leading to the activation of PKB/Akt. 13 -16 The consequences of PKB/Akt activation include the phosphorylation and inhibition of glycogen synthase kinase 3 (GSK3), resulting in the dephosphorylation of substrates of GSK3, including glycogen synthase and eukaryotic initiation factor 2B (eIF2B). These contribute to the insulin-induced stimulation of glycogen and protein synthesis. Recent studies have revealed the link between PI3-kinase stimulation and growth control through recognition of the functions of TSC1 and TSC2 (hamartin and tuberin, respectively). These were first identified in humans as the products of the genes mutated in patients with dominantly inherited tuberous sclerosis (MIM191100). TSC1 and TSC2 interact in a complex that inhibits the activity of S6K. 8 -12 Phosphorylation of TSC2 by PKB/Akt inhibits the function of the TSC1 and TSC2 complex, thus relieving the inhibition of S6K, and allowing translation of 5 0 TOP mRNA. Nutrient stimulation has been shown to activate S6K via the mammalian target of rapamycin (mTOR), causing the release of eukaryotic translation initiation factor 4e (eIF4E) by phosphorylation of eIF4E binding protein (4E-BP1). This is a rate-limiting step of eukaryotic translation. 17 There is evidence to suggest that the complex of TSC1 -TSC2 antagonises S6K activation via mTOR. 12 There is considerable data from animal models that disruption of the PI3-kinase pathway results in disordered growth. In drosophila, altering the activities of components of the insulin-signalling pathway have been shown to affect cell, organ, and overall size. Overexpression of drosophila insulin receptor (dinr), drosophila PI3-kinase (dp110) and drosophila PKB/Akt (dAkt) led to an increase in cell and organ size, whereas loss of function mutations in dinr, dp110, chico (drosophila IRS), dAkt and drosophila S6K (dS6K) led to a decrease in cell and organ size. 18 Mutations in all components, except dS6K, also affect cell number. 19 PTEN acts as a negative regulator of PI3-kinase signalling by catalysing the dephosphorylation of PIP3. 20, 21 Overexpression of drosophila PTEN (dpten) leads to reduced cell and organ size and conversely cells mutant for dpten are larger than wild type. 22 Drosophila TSC1 and TSC2 (dTSC1 and dTSC2) function in concert to antagonise insulin signalling in regulating organ size, the effect appears to be downstream of dAkt. 23, 24 Cardiac expression of constitutively active PI3-kinase in transgenic mice has been shown to lead to cardiac enlargement, whereas dominant negative PI3-kinase results in smaller hearts. 25 The change in heart size is a direct consequence of a change in cell size. 25 PKB/Akt is an important downstream effector of PI3-kinase signaling.
14 Similarly, expression of constitutively active PKB/Akt in the mouse heart leads to an increase in size, as a consequence of an increase in cell size. 26 Neuronal-specific deletion of PTEN in murine brains results in the expression of high levels of phosphorylated PKB/Akt and an increase in cell body size without evidence of abnormal proliferation. 27 -29 Intriguingly these abnormalities closely resemble the histology of human LhermitteDuclos disease, a variant of Cowden disease caused by germline PTEN mutations.
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The Jurkat T-cell human leukaemic cell line does not express endogenous PTEN. Through the establishment of stable cell lines, transfected with PTEN in inducible vectors Xu et al, 30 have shown that PTEN decreases cell size via negative regulation of PI3-kinase signaling.
Role of PI3-kinase dysfunction in human diseaseCowden disease and tuberous sclerosis -primary examples
Although the data from drosophila and mice provides a priori evidence to support a role in humans, the only way of definitively establishing this is by demonstrating that a specific lesion in the pathway influences phenotype or is disease causing. A number of diseases associated with disordered growth are now recognised to result from Figure 1 Model of the insulin/IGF signalling pathway via PI3-kinase: effects on cellular growth. Upon insulin binding the insulin receptor becomes phosphorylated on specific tyrosine residues, this leads to recruitment of IRS, and then PI3-kinase which catalyses the production of PIP3. PKB/Akt binds to PIP3 and is activated by PDK1. PKB/Akt has a number of effects, inhibition of GSK3 leads to glycogen and protein synthesis via glycogen synthase and eiF2B activation. PKB/Akt also phosphorylates TSC2 leading to functional disruption of the TSC1-TSC2 complex, relieving S6Kinase inhibition and resulting in mRNA translation. As described in the text Cowden syndrome, tuberous sclerosis and leprechaunism result from loss of PTEN, TSC1 or TSC2 and IR function, respectively.
defects in the PI3-kinase axis ( Lymphedema-distichiasis, which shares some features with other syndromes in this collective, such as lipomas, is caused by mutations in FOXC2 -a forkhead family transcription factor. FOXC2 regulates adipocyte metabolism, its expression being stimulated by insulin and TNFa via PI3-kinase and ERK1/2-dependent pathways. 31 Sotos syndrome has recently been shown to be due to mutations in NSD1. 32 It is intriguing to speculate that the effect of NSD1 dysfunction may be mediated through the PI3-kinase pathway; however, to date, there is no evidence to support such a postulate.
Discussion -PI3-kinase dysfunction in PS?
There is increasing evidence indicating that the PI3-kinase pathway is central to normal cellular and organ development and that perturbation of this axis can result in disease in man. Disruption of the PI3-kinase pathway in both drosophila and mice has an effect on organ size in part due to an effect on cell size; in humans large neurones are a feature of Lhermitte -Duclos disease, 33 and giant cell astrocytomas are commonly observed in tuberous sclerosis individuals. 34 A defining feature of PS is its clinical variability especially with respect to the distribution of lesions. This contrasts to Sotos syndrome, which is characterised by a generalised overgrowth of multiple cell types and Cowden disease where there is a distinct pattern of lesions. The tissue specificity in Cowden disease is characteristic of many inherited cancer predisposition syndromes, which show tissue-specific effects. This may in part be due to differential cell/tissue type susceptibilities to PTEN mutations.
One explanation for the distribution of lesions in PS has been proposed by Happle, 4 in which a postzygotic mutation occurs early in development and that the cells bearing the mutation are randomly distributed. Depending upon the cell type harbouring the lesion, and the stage of development this occurred, different patterns of affected tissues would be seen. PS and KTS are both presumed to be the result of somatic molecular defects, 4 thus they are not amenable to identification by conventional strategies such as genetic linkage analysis. On the basis of available information, genes encoding components of the PI3-kinase pathway represent candidates for both diseases. Moreover there is already some evidence to support such a rationale for examining candidate genes within this pathway in asymmetric overgrowth disorders. Given the fundamental role of PI3-kinase signalling in the control of tissue growth, it is conceivable that a gain of function mutation in a positive regulator of the PI3-kinase pathway could cause PS. Similarly, homozygous disruption or knockout of PTEN (which in mice, has been shown to result in embryonic lethality) 35, 36 or another key regulator would equate to the same unrestrained PI3-kinase signalling. Such a notion is totally in keeping with Happle's proposal that PS is caused by a postzygotic mutation that is lethal in the whole organism but can survive in the mosaic state. 4 The first evidence that PI3-kinase signalling may be involved in the aetiology of PS comes from Rudolph et al, 37 who reported a patient with reduced serum levels of IGFs -IGF-I and especially IGF-II, and the major growth hormone-dependent binding protein (IGFBP-3). Fibroblasts cultured from affected tissue showed an unusual pattern of IGF binding proteins compared with normal fibroblasts, containing large amounts of an IGFBP with high affinity to IGF-II. They suggested that IGF production is generally disturbed in PS with an imbalance in levels of specific IGFBPs in regions of overgrowth. 37 A role for IGFBP2 in the inhibition of the adrenocortical cell size has been shown through overexpression of the growth hormone (GH) and IGFBP2, either alone or in combination, in transgenic mice. 38 Although these data provide support for a role of PI3-kinase dysfunction in the aetiology of PS it is only indirect. Whether or not haploinsufficiency of PTEN per se is able to cause this phenotype is unclear. The evidence for mosaicism in PS (epidermal lesions following lines of Blaschko) is perhaps more suggestive of PTEN being inactivated by an epigenetic mechanism or possibly mutation of another gene in the same pathway in the affected tissues. Although the role of PTEN in overgrowth in the context of PS may be restricted, as other workers have not replicated these findings, PS is likely to be highly heterogeneous. 42, 43 Hence, the data lends support to the notion that disruption of the PI3-kinase pathway may well be important outside the context of Cowden syndrome per se. This leads to another possible explanation for the events leading to PS. It may be that PS requires two 'hits' and that these may be in different genes that impact on the same pathway ( Figure 2 ). An individual carrying a germline mutation in one gene may be predisposed to PS but the second 'rare' event is required for the development of the disease, as suggested in the case reported by Smith et al. 41 Timing, location and nature of the second event may also impact on the severity of the lesion. This type of model can be further expanded to encompass the phenomenon of Elattoproteus described by Happle, 44 where both regions of overgrowth and deficient growth have been described in some PS cases. It is feasible that in regions of deficient growth there was a second event that overcompensated for the initial lesion. Such a mechanism would be analogous to the phenotypes associated with mutations in FGFR3; here, an activating (gain of function) point mutation leads to achondroplasia (MIM100800), and mice homozygous for a targeted disruption of FGFR3 exhibit bone overgrowth. 45 To fit with the hypothesis that dysregulation of the PI3-kinase pathway is responsible for overgrowth, inactivation of the pathway could cause deficient growth as supported by findings in drosphilla. Revertant mosaicism, the spontaneous correction of a deleterious mutation during mitosis, has been noted in some disorders. For example, in epidermolysis bullosa, caused by a deficiency of collagen 17 a-1, patches of normal skin, containing collagen are seen. 46 Existing data provide strong evidence that the PI3-kinase pathway is critical to normal tissue and organ development and dysfunction is associated with diseases characterised by disordered growth. Furthermore, it is likely that knowledge of this pathway will provide a basis for understanding phenotypic similarities between overgrowth disorders and the relation between phenotype and genotype. At present the number of diseases caused by known defects is restricted, suggesting that others caused by mutations in genes encoding other components of the PI3-kinase pathway are likely to be identified.
